The KATRIN experiment is designed to measure the absolute neutrino mass scale with a sensitivity of 200 meV at 90% C.L. by high resolution tritium β-spectroscopy. A low background level of 10 mHz at the β-decay endpoint is required in order to achieve the design sensitivity. In this paper we discuss a novel background source arising from magnetically trapped keV electrons in electrostatic retarding spectrometers. The main sources of these electrons are α-decays of the radon isotopes 219,220 Rn as well as β-decays of tritium in the volume of the spectrometers. We characterize the expected background signal by extensive MC simulations and investigate the impact on the KATRIN neutrino mass sensitivity. From these results we refine design parameters for the spectrometer vacuum system and propose active background reduction methods to meet the stringent design limits for the overall background rate.
Background due to stored electrons following nuclear decays in the KATRIN spectrometers and its impact on the neutrino mass sensitivity 
Introduction
The Karlsruhe Tritium Neutrino (KATRIN) experiment is a next generation, large-scale, tritium β-decay experiment currently under construction at the Karlsruhe Institute of Technology (KIT); it will prospectively start taking data in 2015. KATRIN is designed to measure the effective electron anti-neutrino mass m νe , defined as
where U ei denotes the Pontecorvo-Maki-Nakagawa-Sakata leptonic mixing matrix and m i are the neutrino mass eigenstates [1] . The design sensitivity of KATRIN is 200 meV at 90% confidence level [2] .
The experiment will use a model-independent technique based on the kinematics of tritium β-decay. It will analyze the shape of the electron energy spectrum in a narrow region close to the tritium decay endpoint at E 0 = 18.6 keV. A non-zero neutrino mass reduces the maximum energy of the electron and changes the shape of the tritium β-spectrum in the immediate vicinity of the endpoint. To reach the neutrino mass sensitivity, several criteria including high energy resolution, high signal count rates and low background must be fulfilled.
In the 70 m long KATRIN setup (shown in figure 1 ) a windowless gaseous tritium source (WGTS) of high stability and luminosity is combined with a large electrostatic retarding spectrometer of unsurpassed resolution [2] . A magnetic guidance system adiabatically transports the electrons created in the tritium source towards the spectrometer where the energy analysis takes place. The spectrometer, working as an electrostatic filter, transmits only those electrons which have sufficient energy to overcome the retarding potential. The transmitted electrons are then counted at a detector. By measuring the count rate for different filter voltages, the shape of the integrated energy spectrum can be determined.
Since the spectrometer section must be essentially tritium-free, the tritium flow is reduced from the WGTS injection rate of 1.8 mbar · ℓ/s down to a value of 10 −14 mbar · ℓ/s at the end of the transport section. This unprecedentedly large suppression factor will be achieved by a combination of differential (DPS) and cryogenic pumping (CPS) elements [3] [4] [5] [6] .
From the electron creation in the WGTS until the energy analysis in the central analyzing plane of the main spectrometer, the magnetic field drops by four orders of magnitude, collimating the electron momenta via the magnetic gradient force. This combination of Magnetic Adiabatic Collimation with Electrostatic filter, called the MAC-E filter principle, further described in section 2, allows for large solid angle acceptance, combined with high energy resolution [7, 8] .
In this paper we perform a detailed investigation of a novel background source arising from stored multi-keV electrons produced in β-decays of tritium and secondary processes occurring during α-decays of the radon isotopes 219, 220 Rn in the volume of the large main spectrometer. Due to the known magnetic bottle characteristics of a MAC-E filter for light charged particles, the electrons arising from nuclear decays inside the spectrometer volume are magnetically stored. With storage times of up to several hours, these particles can significantly enhance the background level via ionization of residual gas.
Despite the huge tritium retention factor, careful radio assays and use of low-activity components, the ν-mass measurements can be seriously disrupted by even single tritium β-decays or α-decays of short-lived Rn-isotopes.
This is due to exceedingly long storage times and the large number of back- windowless gaseous tritium source, c: differential pumping section, d: cryogenic pumping section, e: pre-spectrometer, f: main spectrometer, g: focal plane detector. Below, the magnetic field and the electric potential along the beam axis are displayed. In both spectrometers the MAC-E filter principle is applied: As the electric potential is increased to U ret = −18.6 kV to filter the β-electrons, the magnetic field drops from B e = 6 T to B c = 3 · 10 −4 T, which collimates the electrons into a parallel beam with a flux of
ground events resulting from one decay. We know of no other case in astroparticle physics experiments where a single nuclear decay can continuously influence the measurements over a time period of several hours.
Here we outline a detailed model of these processes validated by measurements at the much smaller pre-spectrometer [9, 10] and use it to predict background rates and characteristics of the final KATRIN setup. Based on these results, we investigate implications on the neutrino mass sensitivity and demonstrate that the original KATRIN setup described in [2] would result in background levels exceeding the required limits. To mitigate these problems we finally propose important design refinements and novel active background reduction methods.
This paper is structured as follows: Section 2 briefly describes the fundamental principles of the MAC-E filter as they pertain to the background described in this work. Section 3 gives a brief introduction to the software used to perform the MC simulations. In section 4, the mechanisms of background production will be outlined. In section 5, we discuss the expected event rates based on this background model for different vacuum scenarios in the spectrometer section, while the impact of this new background source on the KATRIN sensitivity will be discussed in section 6.
MAC-E filter principle of KATRIN
The WGTS produces electrons at a rate of ∼ 10 11 Hz which are emitted isotropically and guided along magnetic field lines towards the spectrometer section, itself consisting of a smaller pre-spectrometer providing the option to filter out low-energy electrons, and a larger main spectrometer for precision filtering. The magnetic guidance of the electrons through the spectrometer is provided by a system of three superconducting coils (see figure 1 ) and an external air coil system surrounding the main spectrometer. The retarding potential in both spectrometers is provided by inner electrodes constructed from wires, which allow for a 10 −6 precision of the filter potential [11] . The kinetic energy E kin of electrons entering the spectrometer section may be decomposed as
where E ⊥ denotes the energy associated with the cyclotron motion and E corresponds to longitudinal motion along a magnetic field line. Of E kin only E is analyzed by the electrostatic filter. To achieve both high count rates and superior energy resolution, the initial E ⊥ component must be transformed into E on the way to the central analyzing plane. This is achieved by the MAC-E filter principle, where, in the case of KATRIN, the magnetic field drops by four orders of magnitude from the entrance (or exit) of the spectrometer to its center (see figure 1) . By extending the reduction of the magnetic field strength over a length of about 10 m, a very smooth change of the magnetic field is assured, resulting in a fully adiabatic motion of the electrons. Due to this adiabaticity, the orbital magnetic moment µ of electrons is conserved. To first order, µ is given by
The reduction of the magnetic field strength thus transforms the transversal energy at the edge (E e ⊥ ) almost completely into parallel energy at the center of the spectrometer (E c )
The MAC-E filter technique is as yet the most sensitive technique used in direct neutrino mass experiments [1] , and a central design feature of the KATRIN experiment. The drawback, however, is that this magnetic field configuration inherently forms a magnetic bottle for light charged particles, since both ends of the spectrometer work as magnetic mirrors [12] [13] [14] .
Simulation tools
The main principles of the MAC-E filter and its application in the KA-TRIN experiment can be understood analytically via the adiabatic approximation. However, in order to illuminate the role of the MAC-E filter as it applies to stored particle backgrounds and the complex, non-adiabatic situations these entail, a precise and fast computational tool is required. The tasks of such a tool include the calculation of electromagnetic fields and particle trajectories to machine precision. This tool is provided by the simulation software Kassiopeia [15, 16] , which has been developed over the past years by the KATRIN collaboration.
The trajectory calculations of Kassiopeia are based on explicit RungeKutta methods described in [17] [18] [19] . Electric and magnetic field calculations are performed via the zonal harmonic expansion [20, 21] . In the case of electric fields, computations are carried out using the boundary element method [22] . Elastic, electronic excitation and ionization collisions of electrons with molecular hydrogen are included in the simulations; they are based on data and calculations in [23] [24] [25] [26] [27] [28] [29] [30] [31] . The field, tracking and scattering simu- In the framework of the investigations presented below, Kassiopeia was equipped with a selection of event generators including the β-decay of tritium and α-decays of different radon isotopes. The simulation of tritium β-decay is implemented using Fermi's theory of weak interactions [32, 33] . Here we make use of a detailed tritium generator which includes the final state distribution of tritium [34, 35] and radiative corrections [36] to the β-spectrum, while shake-off effects at low energies are not yet included [37] .
The modeling of electrons produced in radon α-decays includes processes described in more detail below, such as the creation of shake-off electrons produced in the initial α-decay and conversion, shell reorganization and Auger electrons produced in the decay of the daughter polonium isotopes. The simulation of these processes is based on data in the code Penelope [38] and the literature [39] [40] [41] [42] [43] [44] .
The software has been validated by a number of associated measurements mostly performed as test experiments for KATRIN [45] and cross-checked with other methods [46, 47] as well as analytic calculations [48] [49] [50] [51] [52] [53] . The radon event generator in particular is validated through comparisons to prespectrometer [9, 10] and independent measurements [54] .
Background production mechanism
In this section, the basic ingredients of the background production mechanism will be outlined. First, the nuclear decays of tritium and radon are examined in detail as sources of primary high-energy electrons in the keV range. Second, the electrons' dynamical behavior in a MAC-E filter and the mechanism of particle trapping and the conditions under which such storage may occur will be discussed. The final part of this section relates these processes to the observed background rates.
Nuclear decays as source of high-energy electrons
The main source of keV-range primary electrons are nuclear decays. Of particular concern for the KATRIN experiment are tritium β-decays and α-decays of the short-lived radon isotopes 219, 220 Rn.
As a central design requirement of KATRIN [2] , only an exceedingly small fraction of the order of 10 −14 of the tritium molecules injected into the WGTS will reach the spectrometer section. A small number of these molecules will decay there before being pumped out, thereby generating electrons with a continuous spectrum of up to about E 0 .
Electrons in a similar or higher energy range can be produced following nuclear α-decays (the primary α-particle as well as fluorescence X-rays are of no concern here). Due to the large pumping speed of the turbomolec- . 219 Rn arises from the 235 U actinide decay chain and emanates in small quantities primarily from the non-evaporable getter (NEG) material [9] used for pumping the spectrometers; for details of the Rn emanation from NEG material see [9, 56, 57] . The stainless steel inner surfaces of the main and prespectrometer as well as auxiliary equipment such as ceramic insulators, glass windows, vacuum gauges and thermocouples emanate 220 Rn arising from the non-vanishing at the nucleus, a conversion electron can be emitted in the de-excitation process, instead of radiating gammas [39, 40] . This process is dominant for heavy nuclei, and in the case of polonium de-excitation, conversion electrons can reach energies of up to E e = 450 keV.
The emitted α-particle can directly knock out shake-off electrons from the atomic shells. These electrons reach energies of up to E e = 80 keV [41, 42, 44] .
Additionally, the emission of the α-particle results in a sudden, non-adiabatic change of the nuclear potential, which leads to the emission of predominantly two low-energy shell reorganization electrons from the outer shells which with Kassiopeia based on the model described here is compared to the independent measurement in [54] , demonstrating the soundness of our background model.
share an energy of about E e = 250 eV [43] .
Subsequent to shake-off and conversion electron processes, which both may leave vacancies in the electron shell, Auger electrons can be emitted. The latter process often involves cascades of relaxations [38] , releasing multiple electrons with energies of up to E e = 20 keV.
As an example of the complexity of the processes involved, figure 3 shows the electron multiplicity of 220 Rn α-decay as simulated for this investigation and previously measured in an independent work [54] . The simulation and measurements agree well, demonstrating the basic validity of our event generators. These generators are described in more detail in [10] .
The main spectrometer as magnetic mirror trap
Due to the operating principle of the MAC-E filter, an electron produced in the center of the spectrometer is accelerated towards regions of low electric potential at the ends of the spectrometer, thereby moving from a region of low to high magnetic field. Consequently, its longitudinal energy E is transformed into transversal energy E ⊥ . Depending on the starting angle and energy of the electron, the kinetic energy can be completely transformed into transversal energy so that the electron is magnetically trapped.
Nevertheless, there are situations under which the storage conditions are broken:
• Below a certain minimum transversal starting energy E min ⊥ , the electron cannot be magnetically trapped, since the acceleration by the electric field is too strong. In case of the main spectrometer, this minimal energy is E min ⊥ = 0.93 eV.
• Above a certain transversal starting energy E max ⊥ , the electron's cyclotron radius becomes larger than the radius of the main spectrometer, and therefore the electron directly hits the wall. For the reference field B min = 3 · 10 −4 T and the dimensions of the main spectrometer (ø = 10 m), this corresponds to E max ⊥ = 180 keV.
• The motion of high-energy electrons in low magnetic fields can be nonadiabatic. Accordingly, the transformations of E ⊥ into E and vice versa are no longer proportional to the change of the magnetic field, i.e. the angle of the momentum vector to the magnetic field line changes randomly. Therefore, non-adiabatic motion allows the electron to eventually escape the magnetic mirror trap.
Background production of stored high-energy electrons
A primary high-energy (keV-range) electron which is trapped in the magnetic bottle slowly cools down via ionization and electronic excitation collisions with residual gas molecules. Other energy loss mechanisms such as elastic scattering and emission of synchrotron radiation only play a minor role.
aircoil system superconducting solenoids main spectrometer vessel Figure 4 : Calculation of the trajectory of a stored 3 keV electron in the main spectrometer with KASSIOPEIA. An electron produced via a nuclear decay can be trapped due to the magnetic mirror effect. Its motion is a superposition of cyclotron motion, axial motion and azimuthal magnetron drift. Here, the trajectory is shown for a time period about 100 µs, whereas the actual storage time is much longer.
Due to the excellent ultra high vacuum (UHV) conditions (p = 10 −11 mbar), collisions are rare, allowing a single electron to be stored for several hours.
The hundreds of secondary electrons generated by ionizing collisions are mainly low-energy and typically leave the spectrometer on a rather short time scale of minutes. Accelerated by the retarding potential they hit the detector and thus produce a background in the narrow energy interval of the signal β-decay electrons (the energy region-of-interest ROI is from 15 − 21 keV [2] ).
The total number of secondary electrons N s for a fixed primary energy given approximately by
where ω = 37 eV denotes the average energy of ion electron pair creation off H 2 for electrons in the keV-range [58] and E prim represents the primary starting energy. For a realistic calculation of N s in our specific case, however, the following corrections need to be taken into account:
• The high-energy secondary electrons themselves can be stored again and produce tertiary electrons,
• at very high energies, electrons may leave the magnetic trap before being fully cooled down due to non-adiabatic effects,
• stored electrons additionally lose energy by emitting synchrotron radiation.
To incorporate these effects, we have carried out extensive simulations with the Kassiopeia simulation package, investigating the important pa- The trajectory of each electron (and all secondary electrons) was computed until it
• leaves the spectrometer through the entrance or exit port,
• or hits the spectrometer electrodes or vessel wall,
• or was cooled down below the ionization threshold E thres = 15 eV.
This cut-off parameter is motivated by the minor influence of electron ionization interactions below E thres on our results. A detailed investigation of the processes below E thres will be described in a separate publication [59] .
The results of our Kassiopeia simulations reveal a clear correlation of both background parameters with E prim : a higher E prim implies a longer storage time (up to 10 h) and a higher multiplicity of secondary electrons.
As a generic example, a 10 keV electron leads to the creation of ∼ 300 secondaries in a time period of 3 h, corresponding to a background rate of r B = 30 mHz in the energy ROI. For energies E prim < 30 keV, the average number of secondaries is a good means of estimation of the primary electron starting energy E prim .
At energies above E prim ∼ 30 keV, the effects of non-adiabatic motion become more prominent. The large storage times and the considerable number of secondary electrons underline the importance of the detailed investigations below.
Expected background rates at the main spectrometer
In this section, we use the background model described above to estimate the actual background rate to be expected at the final KATRIN setup.
In doing so we examine four different vacuum strategies for the KATRIN spectrometer section to minimize the background rates.
Sources of radon and tritium
The pre-spectrometer measurements [9] initially revealed the dominant background source to be 219 Rn emanation from the 90 m of NEG strips (1.8 kg NEG material). Further sources of 219, 220 Rn emanation were identified to be specific vacuum gauges and sensor instrumentation. After removal of the getter pump and the auxiliary components, a small number of events with radon-like characteristics were still observed, which we attribute to radon emanation from the inner surface of the stainless steel walls.
The number of radon decays expected in the main spectrometer can be extrapolated from these measurements. In the main spectrometer a much larger NEG pump with 3000 m NEG strips (60 kg NEG material) will be used. The 219 Rn emanation for this batch was reduced by a factor of two through a special production process. However, since the decay series is not in secular equilibrium, the radon production rate increases slowly over time at a rate of 0.3 Bq/(kg · yr) [60] .
As mentioned before, the remaining radon events after removal of the getter and auxiliary components are assumed to be caused by emanation from the walls. For the following discussion, we assume that this radon emanation rate scales with the respective spectrometer vessel surface A i (surface area We assume a negligible emanation of radon isotopes from vacuum gauges and sensor instrumentation, as well as from the structural materials of the inner electrode system [11] .
To calculate the number of tritium decays in the main spectrometer, we use the maximum allowed tritium flow from the WGTS into the pre-spectro-
≈ 10 −14 mbar·ℓ/s = 2.5·10 5 molecules/s, as detailed in [2] . Additionally, due to the large number of adsorption/desorption processes in the transport section, we note that the gas flow will be a mixture of hydrated tritium (HT) and other hydrogen isotopologues, in the context of this work, however, we only consider T 2 .
The vacuum system of the KATRIN spectrometer section
The vacuum system of the KATRIN spectrometer section [61] is based on two pumping strategies: TMPs to pump out noble gas atoms, such as radon, and secondly NEG pumps for pumping out hydrogen isotopologues, including tritium. Accordingly, for the NEG system, there is an inherent trade-off between increased tritium pumping capacity and enhanced radon emanation.
Specifically, the vacuum system of the spectrometer section consists of six TMPs [62] installed in pairs at the three pump ports at the detector-facing end of the main spectrometer and two smaller TMPs at the pre-spectrometer pump ports. The pump ports in the main spectrometer (pre-spectrometer) are additionally equipped with 3000 m (180 m) of NEG strips [63, 64] .
To reduce the number of radon atoms reaching the main spectrometer volume from the NEG strips, LN 2 -cooled cryo-baffle systems were installed in front of each of the three pump ports. The excellent performance of this method to shield the sensitive flux tube of a spectrometer from the pump port which houses the NEG strips has been demonstrated previously [65] .
The presence of the baffle, however, also results in a decrease of the hydrogen (tritium) pumping speed. As will be shown in the following, an optimum solution is found for a configuration with 250 m additional getter strips in the pre-spectrometer and the installation of cryo-baffles in all three pump ports of the main spectrometer. Table 1 summarizes the sources and corresponding reduction rates of radon atoms and tritium molecules for specific layouts of the KATRIN vacuum system.
Calculation of the expected decay rates
The time dependent number of radon atoms N MS (Rn) obeys the following differential equation:
where λ Rn denotes the radioactive decay constant of the corresponding radon isotope, V MS stands for the volume of the main spectrometer and S MS (Rn) is given by the sum of the available pumping systems for a particular radon isotope in the corresponding UHV scenario. The back-flow of radon from the main spectrometer to the pre-spectrometer can be neglected. In equilibrium we expect
and one finds the number of radon isotopes N MS (Rn) to be
The number of tritium molecules N MS (T 2 ) in the main spectrometer is described similarly by Radioactive decay constants in [ given by the sum of the available pumping systems for T 2 for a specific UHV scenario.
Using the input parameters summarized in table 1, the decay rates are computed for four different scenarios outlined in table 2:
• Scenario 1 completely avoids background from NEG correlated radon decay activity,
• Scenario 2 primarily reduces background arising from tritium decay,
• Scenario 3 optimally reduces both background rates arising from tritium and radon decays, see figure 7,
• Scenario 4 uses no additional getter in the pre-spectrometer. This scenario will be realized at the start-up of the spectrometer test measurements in 2012. Table 3 shows the nuclear decay rates corresponding to the different scenarios (table 2) expected in the main spectrometer. The table clearly demonstrates the importance of the NEG strips to reduce the number of tritium β-decays in the main spectrometer volume as well as the non-negligible number of radon decays even in the case of optimum passive shielding of the pump ports. With an overall decay rate of the order of a few mBq, primarily due to radon emanation from the inner spectrometer walls, a concise calculation of the resulting background rates is mandatory.
Expected background rates in different vacuum scenarios
With the above information on the number of decays as well as the number of secondaries produced in each decay, the total expected background rate can be calculated. The average number of background events N B in the energy ROI and in a time interval t longer than the storage time t > t s is given by
where i denotes the isotopes tritium and 219, 220 Rn, N d i stands for the average number of nuclear decays in a time interval t and N e i represents the average number of electrons produced within one event.
Two further factors in our background estimate have to be taken into account: the sensitive volume of the main spectrometer amounts to only ǫ MS V = 0.7 of the total volume, and only a fraction ǫ MS B = 0.4 of all secondary electrons produced in the main spectrometer will propagate towards the detector (the remaining 60% fly towards the source side). This asymmetry in the exit direction is due to the asymmetric magnetic field configuration (see figure 1 ).
Assuming the partial pressures of tritium and radon to be constant over long time periods, the decay rate follows a Poisson distribution. The distribution of the number of secondary electrons is obtained by MC simulations of 10 3 tritium β-decays and 219, 220 Rn α-decays each (based on the event generators described in section 3).
On the basis of these considerations, we investigate in detail the influence of specific design modifications on the overall background rate. As an important example we briefly discuss the merits of additional getter strips in the pre-spectrometer. In figure 6 , the trade-off between a reduced background from tritium and an increased radon-induced background due to additional NEG strips is clearly visible.
For the tritium retention factor as stated in [2] , the tritium-induced background is larger than the 219 Rn-induced one by about a factor of five if no additional getter is installed. Were the actual tritium retention factor to differ from the reference value, figure 6 would allow adjustments to be made to the pre-spectrometer getter length.
These two isotopes, however, are only part of the overall background picture, which is displayed in figure 7 for the four UHV scenarios listed in section 5.3. From figure 7 it is evident that scenarios 1 and 2 result in overall background rates of ∼ 1 Hz, thus exceeding the design criterion of 10 mHz by about 2 orders of magnitude.
When comparing scenarios 3 and 4 one notes that the total background rate is almost identical. This is because the rate is largely dominated by radon emanation from the inner surface of the main spectrometer, due to the excellent shielding of 219 Rn emanation from the pump ports by the LN 2 -cooled baffles. However, even when including these passive measures, the expected overall background rate of ∼ 30 mHz still exceeds the design criterion by a factor of three, pointing to the need for additional active background reduction techniques.
6. Impact of the background on the neutrino mass sensitivity of
KATRIN
As outlined above, radon emanation from the inner walls of the spectrometer and its structural materials may easily exceed the reference background level by a factor of three, and potentially, in case of larger than expected emanation rates, the background level would be correspondingly larger.
In case of a Poisson-distributed background N bg , the statistical uncertainty σ stat on the observable m trometer. As the plot shows, the radon contribution to the background increases with increasing amounts of getter material whereas the tritium contribution decreases. The optimum for a tritim retention factor as given in [2] is found at about 250 m additional getter in the pre-spectrometer volume. The rather shallow minimum in this case is due to the coincidence of almost identical rates of tritum and radon induced background. In case that the tritium inflow would be larger by an order of magnitude, more NEG strips would be required. The pre-spectrometer is able to hold up to 1000 m of getter. 
In a typical measurement schedule, the integral tritium β-spectrum will be measured at 41 different retarding potentials. The overall measurement time at each potential is optimized to achieve the best neutrino mass sensitivity [2] for a background level of 10 mHz. During a measurement period of three years, a large number of scans of a few hours' duration through all 41 measurement points will be performed. Moreover, our simulations revealed that m stat ν (90%C.L.) strongly depends on the actual time of a scan t scan and on the total pressure p in the main spectrometer. At scan times t scan much longer than the storage times t s , the non-Poissonian nature of the background from nuclear decays becomes prominent. Since t s decreases inverse proportionally with p, an analogous effect is observed for higher pressures. Consequently, both larger values of t scan and larger values of p will result in a decrease of the neutrino mass sensitivity. Furthermore, in an ordered scanning mode, measurements at neighboring filter potentials are correlated due to the long storage times t scan .
By scanning the 41 potentials in a random order, this correlation will be alleviated, and consequently the neutrino mass sensitivity can be improved.
These interdependencies are visualized in figure 9 and 10.
In summary, our investigations point to the following important facts:
• The estimated neutrino mass sensitivity m stat ν has to take into account a detailed background model, the experimental scan mode and the UHV conditions of the spectrometers.
• Backgrounds from nuclear decays feature large non-Poissonian rate fluctuations, which result in a decrease of the neutrino mass sensitivity m stat ν .
• The neutrino mass sensitivity m stat ν improves with better vacuum, with smaller scanning times, and with randomized scanning (instead of ordered scanning).
Conclusion and Outlook
Due to their inherent electromagnetic design features, the KATRIN spectrometers act as magnetic bottles for light charged particles. A primary electron in the multi-keV regime produced by a nuclear decay can thus be magnetically trapped over a time period of several hours during which it can produce several hundred secondary electrons. on the scanning time in an analogous way as on the pressure, see figure 9 . Again, when scanning the potentials in a random way (triangles) the neutrino mass sensitivity is improved, as compared to a scanning method with a fixed order (dots).
In this paper, we showed that nuclear decays of tritium migrating from the WGTS to the spectrometer as well as of 219 Rn and 220 Rn emanating from NEG material and structural components in the volume of the KATRIN main spectrometer can cause a background rate exceeding the design limit of 10 mHz.
In an optimum scenario, using LN 2 -cooled baffles to shield the pump ports, as well as optimized combination of NEG strips and TMPs, a background level of ∼ 30 mHz is expected.
Of major impact for the neutrino mass sensitivity m This result highlights the necessity for further developing active background reduction methods. In a separate publication [67] we describe the successful implementation of the electron cyclotron resonance (ECR) method, which offers great potential in reducing the background described here to a very low level. The upcoming measurements with the KATRIN main spectrometer starting in the second half of 2012 will be of crucial importance to test this and other promising active background reduction methods.
